Abstract-In this paper, the effects of magnetization patterns on the performance of series hybrid excitation synchronous machines (SHESMs) are investigated. SHESMs have three magnetic field sources: armature winding currents, permanent magnets and auxiliary winding current. To initiate the investigation, the magnetic field distributions produced by these three sources are obtained. Using the magnetic field distributions, the machine is analyzed under no-load and on-load conditions. Furthermore, the operational indices, such as inductance, torque, and unbalance magnetic force, are calculated. Various magnetization patterns are considered to investigate their influences on the performance of the machine.
INTRODUCTION
The permanent magnet synchronous machines (PMSMs) are widely used in industry due to their high efficiency and torque to volume ratio [1] . In spite of their advantages, their flux control capabilities are limited due to the constant permanent magnet flux [2] , including in surface mounted PMSMs. In order to overcome this weakness, it is recommended to use PMSMs with an auxiliary excitation. These machines are named hybrid excitation synchronous machines (HESMs).
HESMs are divided into two types: series HESMs (SHESMs) and parallel HESMs (PHESMs) [3] [4] [5] [6] . In SHESMs, the permanent magnet flux and auxiliary winding (AW) flux pass through the same path, which leads to less iron losses [3] . The machines can operate in the flux-enhancing mode when the fluxes are in the same directions, and if the fluxes are in the opposite directions, the machine is in the flux-weakening mode of operation. In SHESMs, there is higher probability of demagnetization because the whole AW flux passes through the permanent magnets, and the flux controllability is reduced due to low permanent magnet permeability [3, 5, 6] . In PHESMs, the risk of demagnetization is reduced, and controllability is increased. However, the iron losses are increased because the flux routes of excitation sources are different [3, 6] .
If both field sources are placed in the stator, not only there is no need for retaining sleeve, but also the heat is removed more easily (it is assumed that the machine has an internal rotor). However, the mutual torque is not generated, and the end winding effects are considerable [7] . Some of structures of the machine [8, 9] limit the available space for the winding, so the diameter of the stator should be high. Therefore, the torque to volume ratio decreases [10] .
If the magnet is on the rotor and AW in the stator, the reluctance and mutual torque are produced. However, retaining sleeve is required, and iron losses increase. In order to reduce iron losses, an external rotor structure can be used [11] . This structure needs retaining sleeve.
If both of the field excitation sources are located on the rotor, mutual and reluctance torque components are generated. This machine can be employed in constant power applications [10] with speed variations. However, the existence of brushes and retaining sleeve is the disadvantage of this structure [9] . Therefore, a SHESM in which both excitation sources are on the rotor is selected. Three structures are suggested, and both of the excitations are located on the rotor: spoke [12] , buried [13] and surface mounted (SM) [14] . Among these three types, the SM, which is one of the SHESMs, is chosen. The structure of a SHESM is shown in Figure 1 .
Various types of magnetization patterns are reported for PMSMs [15] in which the radial magnetization (RM), parallel magnetization (PM) and Halbach magnetization (HM) are more popular. The type of magnetization pattern highly influences the magnetic flux density distribution. Therefore, the performance of the machine is significantly affected by the magnetization pattern. HSEM has been analyzed with PM pattern and open circuit condition in [14] . In the present paper, three types of magnetization (RM, PM, and HM) are considered, and the SHESM is analyzed for open-circuit and on-load modes of operation In addition, two different layouts for the stator winding exist. The first one is non-overlapping, and the second one is overlapping. Moreover, non-overlapping type is divided into alternate-teeth wound and all-teeth wound [16] . It is assumed that the armature winding is alternate-teeth wound for the SHESM.
In this paper, first the method of calculating the magnetic field is explained for a magnetostatic analysis. Then, the torque, unbalance magnetic force (UMF), and inductance are determined for a rotating SHESM. After that, to evaluate the effects of the magnetization pattern on the machine performances three types of magnetization are simulated, and their results are compared.
ANALYSIS OF SHESM

Calculation of Magnetic Flux Density
The governing partial differential equation in the presence of magnetization and external current is as follows:
where μ 0 , μ r , J, A and M are permeability of free space, relative permeability of magnet, current density, vector magnetic potential and remanent magnetization vector, respectively. In regions where there is current but no magnetization (e.g., winding regions), the following relation can be expressed.
In regions where there is magnetization but no current (e.g., permanent magnet regions), the following expression is applied.
In regions where there is neither current nor magnetization (e.g., ai-gap region), the Laplace equation can be written.
These equations are solved, and the magnetic flux density components are calculated using B= ∇ × A .
Energy Calculation
The magnetic energy of a system is given by the following expressions. The expressions represent total values of energy for the volumes taken into account. Note that the integrals have simpler expressions if the material property of the domain has linear characteristics. In the case of linear characteristics, the magnetic energy and co-energy values are identical (w = w c ).
where V is the volume of the machine.
UMF Calculation
The radial and tangential forces are calculated by Maxwell stress tensor. First, the flux density should be computed, then the mentioned magnetic pull is obtained by the following relations.
where B r and B θ are the radial and tangential components of the flux density vector, respectively. Besides, f r and f θ are the radial and tangential components of the magnetic pull, respectively. These equations can be transformed into the Cartesian system.
where f x and f y are the components of the magnetic pull in x and y directions, respectively. Then, UMF is determined with the integration of Eqs. (8) and (9) in the middle of the air gap.
where F x , F y and |F | are the x-component, y-component and amplitude of the UMF, respectively, and L is the motor axial length.
Torque Calculation
The instantaneous torque (T inst ) is computed by T = r × F as follows
where a r , a θ and a z are the cylindrical axes unit vectors, and r is the distance vector between the applied force and the axis of rotation.
The instantaneous torque has three components. The first one is the cogging torque; the second one is the reluctance torque; the last one is the mutual torque. In order to compute the cogging torque, the permanent magnet and AW are active, and stator armature winding is open-circuited. In contrast, just the armature winding should be excited to calculate the reluctance torque. The mutual torque is achieved by the interaction between the field excitations and the armature excitation.
Inductance Calculation
The self-inductance of each phase and the mutual-inductance between two phases are computed by the following equations
where I i and I j are the currents of phases i and j, respectively; w ii is the stored energy when only phase i is carrying current; w ij is the total energy when both phases i and j are carrying current minus w ii and w jj .
Magnetization
Among different permanent magnet materials, in this investigation, Nd-FeB is employed. This material has a linear B-H curve in the second quadrant. Due to the presence of rotor slots, only radial-, paralleland Halbach magnetization patterns can be used [15] . These magnetizations are depicted in Figure 2 . The radial and tangential components of the radial magnetization are presented in Eqs. (15) and (16), respectively. These components are described for PM as below
Finally, radial and tangential components for HM are presented as follows.
SIMULATION RESULTS
According to Figure 1 , the center of the permanent magnet is aligned with the first slot of the stator, and the layout of the stator winding is alternate-teeth wound. The specifications of the machine are presented in Table 1 , and three types of magnetization patterns are considered. Since the presented model is 2-D, the end effect is ignored. Normally the end effects are negligible if the machine axial length is larger than the machine diameter. Initially the magnetic flux density components are computed by magnetostatic analysis. After that, the machine rotor moves in the dynamic analysis, and the torque, the self and mutual inductances of the stator windings and UMF are calculated. 
Magnetostatic Analysis
According to the principle of superposition, the impact of each resource is individually assessed, thus this analysis is divided into three stages. The permanent magnet, AW, and stator winding are separately considered in the mentioned order. First, it is assumed that the PMs are active, and both AW and stator coils are open-circuited. The radial and tangential components of the magnetic flux density vector due to permanent magnets with three types of magnetization in the middle of air-gap are shown in Figure 3 .
After evaluating the effects of permanent magnets, the AW effects are investigated. The trend of the generated magnetic flux density due to AW, as shown in Figure 4 , is similar to that of the RM permanent magnet; however, the magnitude of the magnetic flux density due to AW is lower than that of the permanent magnet Therefore, permanent magnet and AW are the main and auxiliary field sources, respectively.
The effect of three-phase stator windings is known as the armature reaction. The three-phase sinusoidal currents are shown in Figure 5 . As evident from Figure 5 at initial time, the phases a, b, and c have, respectively, zero, negative, and positive values. The radial and tangential components of the magnetic flux density due to armature current are shown in Figures 6(a) and (b) , respectively.
Dynamic Analysis
In contrast to the magnetostatic analysis in which the simulation is carried out at a specific time and at specific rotor angular position, the dynamic analysis is carried out during a period of time at which the rotor is rotated at a proper rotational velocity. Therefore, the x-axis of the dynamic results is the rotor angular position with respect to the rotor initial position. In the following, the inductance, torque, and UMF are calculated for the case study.
The mutual inductance between stator winding phases is independent of the type of magnetization, and it depends on the configuration of the stator winding and machine dimensions. The individual flux linkage of each phase is more than the coupling flux with other phases, thus the self-inductance value is more than that of the mutual inductance. Since the angle between phases is 120 degrees, the mutual inductance value is negative. Furthermore, as shown in Figure 7 , both self and mutual inductances of the stator windings vary with rotor position because of the salient structure of the rotor.
The instantaneous torque has three components: reluctance, cogging, and mutual components. In this SHESM, the reluctance torque is produced by armature excitation, thus it is independent of the magnetization. The reluctance torque is shown in Figure 8(a) . In contrast to the reluctance torque, the cogging and mutual torques are affected by the magnetization type. Therefore, the instantaneous torque is also affected by the magnetization pattern of PM. As evident from Figure 8 The average amounts of the instantaneous torque for RM, PM, and HM are 34.68, 29.88, and 27.37 N.m., respectively. Therefore, the machine equipped with the radial magnetization pattern produces higher average torque; however, it is not recommended for applications where low torque ripple is of prime importance. The unbalanced magnetic forces can be divided into two components along the x and y-axes. The two components for the machines with three magnetization patterns are shown in Figures 9(a) and 9(b) . The magnitude of the force is shown in Figure 9 (c). It can be deduced from Figure 9 that the HM produces less UMF. 
